This paper presents a description of a continuous truss footbridge comprising two spans, one of 140 m and the other 50 m. The bridge crosses the Sant Adria Marina, close to Barcelona. The width of the deck is 6 m and the depth of the two trusses, which form the bridge, range between 6 and 10 m. Main innovations are the use of recycled aggregates for concrete in the approach slab deck, the use of silica fume concrete for the pavement which performs well from the strength, durability and aesthetic points of view and the formal exploration of irregular longitudinal layouts in truss bridges. This formal exploration resulted in the creation of an internal space extremely pleasant for people and avoiding any tunnel sensation. Moreover, the absence of dynamic loads and the light live load allowed the trusses to be designed without using gusset plates.
INTRODUCTION
The footbridge connects both sides of the Sant Adria Marina, very close to the city of Barcelona, in a newly developed area (Fig. 1) . It allows pedestrians to cross from a huge esplanade surrounded by convention and exhibition centres, where the Barcelona Forum 2004 took place, to a park. The bridge crosses over the basin of the marina, and is a two-span bridge with spans of approximately 140 and 55 m.
DESIGN PROCESS
The bridge was designed to connect two points separated by 200 m and at different heights, 20 . 2 and 10 . 3 m above water level at the esplanade and at the park, respectively. It was designed to achieve the conditions needed for wheelchair access, which was in this case an important design condition because of the resultant slope between the two ends of the footbridge.
Other requirements included the need for the bridge to connect with the roof of the Capitania Building, 14 m above sea level and clearances for the marina needed an air space of height 16 . 40 m over a length of 25 m, to allow medium-sized yachts to enter the harbour. The outer side of the harbour is reserved for large yachts.
After considering several solutions including one long-span bridge using high-strength concrete and a medium-span bridge with a composite deck it was decided to adopt a steel truss design with two spans, having a long span over the sea. The steel truss allows for a greater clearance over the water and also for the possibility of mooring larger boats under it.
The preliminary solution was a footbridge formed by two Warren constant-depth trusses and a platform between them at the bottom chord level. However, an adaptation was made to the design to obtain, using the longitudinal top chord layout of the bridge, a movement sensation similar to the view of the mountains that can be seen when looking towards Barcelona from the sea. Different polygonal geometries were drawn for each upper chord of the trusses, which resemble the nearby mountains. The bottom chords were also polygonal because they were adapted to a geometry which would allow for wheelchair access. The movement idea was achieved but it needed to be structurally refined.
During the design process the trusses were changed from constant-depth beams to variable-depth beams and, moreover, each truss was developed to have a different longitudinal layout. The south truss, closer to the open sea, has a larger depth over the intermediate support and a shorter depth at mid-span than the north truss, which is closer to the land. This solution, which was structurally acceptable, produced the desired visual effect and also created a ceiling (formed by diagonals connecting both upper chords) with a wave shape that people can enjoy, and avoided any tunnel sensation, which can often be a problem for such a long footbridge (Fig. 2) .
DESCRIPTION OF THE SOLUTION
The footbridge is formed by a platform, 5 m wide supported by two irregular Warren trusses, one on each side. The platform is situated at the bottom chord level and both chords are connected by a horizontal truss system. Longitudinally the structural scheme is a two-span continuous beam, which spans 140 and 55 m for the north truss and 141 and 56 m for the south truss. The north truss has a depth of over 8 m over the support with a mid-span depth of 8 . 5 m. On the opposite side, the south truss depth is 6 m at mid-span and 10 m over the intermediate support.
There are two levels of elements, called the main truss and the secondary truss. The main truss mesh is always 6, 12 or 18 m long. The longest diagonals (more than 18 m) are in tension and close to the supports and the shorter ones are in compression and in the mid-span area. In this way any possible instability of the elements is controlled and the use of an irregular truss is made possible. Furthermore, this enables the long tension diagonals and short compression diagonals to be of an economic section size. Even though many load cases were studied, no diagonals of the main trusses were found to be subjected to reversal of loading.
The secondary truss, with 6 m modules, has several functions. The upper and bottom chords are steel boxes 500 mm wide and 400 mm deep. The thickness of the plates varies between 15 and 40 mm, depending on the forces. The vertical studs of the main truss are also boxes but with thinner plates because, even though the transverse inertia is important, they are affected by secondary forces.
The secondary mesh is much lighter with open sections of 50 mm Â 20 mm solid-linked bars. All the steel is high-yield steel to BS EN 10025 S355 J2 G3 (formerly Grade BS 4360 50D).
After several alternatives were considered for the footway, taking both architectural and economical aspects into consideration, trapezoidal high-strength, precast concrete elements were chosen, supported on the bottom beams connecting both bottom chords. The beams are wide flange (HEB 400).
The contractor proposed a change to this solution and pretensioned, precast concrete 100 mm deep was used which, after placing, required a further 100 mm of in situ concrete to be added over the slabs. The slabs, with a length of 6 m, were supported only by the shorter footway beams, not by the diagonals, this being the case even after creep. To avoid such contact at the diagonals, the support has a mortar bed of 40 mm confined with angular sections.
Because the 6 m span of the slabs is only large enough for 100 mm depth they have a reinforced concrete truss built in that assists in the support of the in situ concrete and concrete equipment. The in situ concrete has the addition of silica fume in order to obtain the desired impermeability. The upper layer of concrete is printed with a plastic, achieving with only one material the resistance, durability and aesthetic functions required by the footbridge floor.
The ceiling beams, which transmit the wind effects to the frames situated at the supports and also control buckling of the upper chords of the trusses, are commercial box sections of 300 mm Â 300 mm and 10 mm thickness.
The footbridge is supported at the esplanade side on a reinforced concrete slab which covers the Marina Seca. It is a building where small boats are stored in shelters. The plan view of the slab is a trapezoid. The width of the slab varies from 7 up to 22 m. This geometry is achieved by the use of in situ reinforced rather than precast concrete. Its span is 24 m with a depth of 2 . 5 m, this being due to the need for architectural continuity with the Marina Seca. This span-to-depth ratio allows the slab to be constructed with reinforced concrete avoiding the need for stressing. Its cross-section is a multi-cellular box. It is innovative in that the concrete used for the bottom flange and the external webs, which are in close contact with the marine environment, incorporated recycled aggregate with 20% of the large aggregate being replaced with aggregate obtained from a demolished building.
The slab is supported at the Marina Seca by a reinforced concrete frame with three piers, each founded on six precast piles. Each pile is 30 m long and has a cross-section of 300 mm Â 300 mm. The footbridge and the slab are supported by two piers clamped to the slab and with a foundation of six piles, 40 m long and 1500 mm in diameter. The intermediate pier of the footbridge is an inverted 'L' shape formed in reinforced concrete. The cantilever allows headroom of 4 m for vehicles to reach their moorings. Its design is integrated with the building, and in particular with its north façade, which results in its skew, and it supports not only the footbridge but also the upper façade beam of the building. Its foundation is formed by five piles, 40 m long and 1500 mm in diameter, each one supporting a 6000 kN in-service loading.
The abutment at the park side is a small pier which is hidden in a corner of the parking area. It is simply a wall of 6 m Â 1 m cross-section supported by eight precast piles of 400 mm Â 400 mm section, 30 m long which are mainly in tension. The vertical reinforcement of the pier, which is also in tension, has a low service stress in order to reduce the vertical movements of the bearings and the crack widths. Control of crack widths is essential in a marine environment to ensure durability.
The bearings comprise conventional pot bearings and clamped pot bearings capable of resisting tension. The bearings are bolted to thick steel plates situated under the bottom chords. The fixed bearing is located at the intermediate pier on the south side. The other bearing at this pier is free sliding. At the pier, hidden in the parking area, two clamped pot bearings are used. One central sliding guided bearing is used at the south side and a free sliding one at the other side. Both bearings at the Marina Seca are free sliding. The wind reaction is resisted by means of a central sliding guided bearing located at the pier cap.
ASSEMBLING
Each element of the trusses was fabricated at a factory in Vitoria and transported by truck to Barcelona where they were assembled. From the beginning of the works at the Forum site it was planned to use an earth embankment crossing the marina in order to improve the movement of trucks and other machinery. This path was enlarged and made parallel to the footbridge so that it could be used as a platform to assemble the trusses. The assembly procedure was carried out in the following manner. (c) After the segments were assembled, each one was elevated. First the north truss, then the south one beneath it (Fig. 7) . The first segments (north and south) were supported on temporary bearings on the Marina Seca pier cap and on temporary supports founded on the soil path (Fig. 8 ). The second segment was supported on the same temporary support and on another one located very close to the intermediate pier. The third one was supported by the intermediate pier and the park abutment, also on temporary bearings allowing regulation. (d) Every segment was lifted by four cranes, two heavy cranes that lifted the truss from the nodes of the upper chord and two lighter cranes which helped to lift the segment horizontally and then turn it vertically. The two lighter cranes were attached to nodes of the bottom chord of the truss. (e) Once in a vertical plane, each segment was located over the temporary supports, as described earlier and was stabilised transversally by means of beams. ( f ) When both segments, north and south sides, were placed, the beams forming the floor and the ceiling were assembled in situ. (g) Finally the three segments forming each truss were welded at each chord. Then the temporary supports were removed and a lowering of the Marina Seca support was executed.
The aim of this movement was to obtain the bending moments due to self-weight expected in the design, which were calculated assuming a different assembly process.
Figures 6 to 10 show different stages of the assembly process.
When the steel structure was complete, the precast, prestressed concrete slabs were craned into position. A reinforcing steel mesh was added and a 100 mm in situ silica fume concrete was poured.
In order to obtain a textured pavement surface the concrete was 'printed'.
Finally the concrete pavement was painted with a resin, stainless steel barriers were placed at the sides of the deck and some balconies were added. The balconies give a suggestion of the high-rise buildings of this artificial landscape, simulating the city and the mountains.
The following external protection measures were used for the steelwork (a) Sand blasting: Sa 2 ½ ISO 8501-1 with roughness between 30 and 50 mm. Fig. 7 . Lifting of the first truss segment Fig. 9 . The steel structure is completed. The precast concrete slab forming the platform will be supported by the floor beams No measures to prevent collision with tall-masted boats were adopted.
STRUCTURAL ANALYSIS
The bridge was modelled as a three-dimensional frame with rigid nodes. In this way, the secondary moments were taken into account in the analysis and in the verification of the sections. The loadings considered were the self-weight of the steel structure, dead loads (pavement, barriers), live loads of 4 kN/m 2 for people and 1 kN/m 2 for eventual urban equipment (such as benches), horizontal wind forces and temperature. EuroCode 3 was used as the design code. The global stability was verified using non-linear analysis.
It was important to study the behaviour of the nodes because of their unconventional geometry. For this purpose, one of the most typical nodes, with very high forces and moments acting on it, was studied using shell finite elements (Fig. 11 ).
The node was studied for several load combinations and vertical, horizontal and tangential stresses were obtained for every plate, as well as von Mises stresses (Fig. 12) . Thus it was possible to control the effect of the changes in the thickness of the plates at the nodes and, at the same time, obtain design criteria for verifying, in an approximate way, the rest of the nodes of the structure.
It was also very important to control the stresses in the direction of the thickness of the plate to avoid problems of lamellar tearing. The low value of these stresses, about 21% of the yield stresses, thanks to the inclination of the diagonals, allowed the desired design of nodes to be achieved without gusset plates. Obviously, this was possible because the bridge was a footbridge without large loads, dynamic loads or fatigue problems. 
STATIC LOAD TEST
The static load test was executed by means of large bags full of sea water achieving a global load of 60% of the characteristic live load. Two load combinations were verified. The first one loaded only the main span, looking for maximum bending moment at mid-span. The second one loaded all of the deck in order to obtain maximum bending moments at the intermediate support.
The measured displacements were very close to the expected and the movement was completely recovered upon removal of the loads.
CONCLUSION
The total cost of the footbridge was E1 . 7 million, which represents about E1417/m 2 . Main innovations were the use of recycled aggregates for concrete in the Marina Seca slab deck, the use of silica fume concrete for the pavement which performs well from the strength, durability and aesthetic points of view and the formal exploration of irregular longitudinal layouts in truss bridges. This formal exploration resulted in the creation of an internal space which is extremely pleasant for the users and avoids any tunnel sensation. Moreover, the absence of dynamic loads and the light live load permitted the trusses to be designed without using gusset plates. Figs 13 to 16 show the completed footbridge. 
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